Adolescents with acute lymphoblastic leukemia (ALL) develop osteopenia early in therapy, potentially exacerbated by high rates of concurrent Vitamin D deficiency. We conducted a randomized clinical trial testing a Vitamin D-based intervention to improve Vitamin D status and reduce bone density decline. Poor adherence to home supplementation necessitated a change to directly observed therapy (DOT) with intermittent, high-dose Vitamin D3 randomized versus standard of care (SOC). Compared to SOC, DOT Vitamin D3 successfully increased trough Vitamin 25(OH)D levels (p=0.026) with no residual Vitamin D deficiency, 100% adherence to DOT Vitamin D3, and without associated toxicity. However, neither Vitamin D status nor supplementation impacted bone density. Thus, this adherence-optimized intervention is feasible and effective to correct Vitamin D deficiency in adolescents during ALL therapy. Repletion of Vitamin D and calcium alone did not mitigate osteopenia, however, and new, comprehensive approaches are needed to address treatment-associated osteopenia during ALL therapy.
INTRODUCTION
Treatment for pediatric acute lymphoblastic leukemia (ALL) commonly results in glucocorticoid-induced osteopenia and osteonecrosis [1] . Risk stratification of glucocorticoid delivery has decreased the prevalence of osteonecrosis [2, 3] but not therapyrelated osteopenia and structural changes to bone [1, 4] . Current evidence now indicates osteopenia develops during the early phases of intensive treatment [5, 6, 7, 8] , and even within the first 28 days of chemotherapy alone (i.e. the "Induction" phase) [9] . The deficits in bone remodeling that occur during ALL therapy are multifactorial. Glucocorticoids, methotrexate, and other lymphoid-directed chemotherapies directly affect osteoblasts and osteoclasts [10] , while prolonged periods of decreased weight-bearing activity due to fatigue and other comorbidities [11, 12] may also contribute to osteopenia and long-term fracture risk.
Adolescents are at greater risk than younger children for osteopenia and fractures both during [13, 14] and after ALL therapy [15, 16] . We hypothesized that in this adolescent population receiving osteotoxic chemotherapy [10] , Vitamin D insufficiency or deficiency potentiates early-onset osteopenia and that repletion of Vitamin D would not reverse the process but would slow its development and/or mitigate its severity. We therefore conducted a randomized clinical trial to treat Vitamin D insufficiency/deficiency in a cohort of adolescents undergoing therapy for newly-diagnosed ALL. The primary aim was to test the feasibility and efficacy of the intervention to normalize serum Vitamin D levels. Key secondary aims explored changes in body composition during ALL therapy, and compared bone mineral density and geometry between the two randomized groups. We previously reported [9] the pre-randomization observation that adolescents treated for newly-diagnosed ALL exhibit Vitamin D deficiency at baseline more frequently than expected [17] and a precipitous onset of osteopenia by end of Induction. We now report the results of the randomized intervention to correct the observed Vitamin D deficiency.
Due to in vitro evidence for a potential adverse influence of high-doses of Vitamin D on glucocorticoid cytotoxicity [20] , a delayed randomization post-Induction was used to avoid any theoretical interaction with curative leukemia therapy. Enrolled subjects eligible for randomization if they were Vitamin D insufficient as per the Endocrine Society guidelines (25-hydroxy vitamin D (Vitamin 25(OH)D) <30 ng/ml) [21] , had no underlying bone disorders, and had not previously received bone modulating agents. A randomization table was provided by the statistician and stratified on Body Mass Index percentile (BMI%) according to CDC definitions for obese, overweight, and normal. The study opened as a double-blinded, placebo-controlled prospective trial testing a daily oral combination Vitamin D3 + calcium citrate (2,000IU + 1,000mg respectively, Douglas Laboratories, Pittsburgh, PA). A planned interim analysis following the first one-third of target accrual revealed markedly poor adherence to study medication. The study was then amended to an open-label trial testing an adherence-optimized novel supplementation regimen using principles of Directly Observed Therapy (DOT) [22] randomized 2:1 versus standard of care (SOC; permuted blocks of size 3). All subjects received education regarding the risks for therapyinduced osteopenia at time of enrollment. The DOT group received oral "high dose" Vitamin D3 100,000IU (10,000IU/1ml, Douglas Laboratories, Pittsburgh, PA) administered in the clinic setting at the start of each of the three included chemotherapy phases (~2 month intervals). This interval was selected based on cholecalciferol pharmacokinetics [23] and from efficacy seen in a non-oncologic pediatric population [24] . Calcium supplementation was changed to flavored, chewable tablets to promote adherence. The calcium tablets were taken on an empty stomach to provide 400mg elemental calcium carbonate twice daily. Adherence was measured by DOT, tablet counts, and self-report; the overall duration of supplementation was recorded. The SOC group received routine encouragement from their clinical team regarding activity and ad hoc nutritional monitoring. A revised power analysis for the open-label randomization demonstrated continued 80% power to detect a 50% difference in normalization of vitamin D levels between the intervention and SOC with a Type I error of 5%. All subjects enrolled but not eligible for the open-label randomization (i.e. those Vitamin D sufficient at end of Induction, failure to meet organ function criteria, or documented non-adherence to the initial formulation) were followed as an internal "naturalhistory" group to further explore potential associations among serum Vitamin 25(OH)D, body fat, osteopenia, and bone structure. The study period comprised the interval between end of Induction through end of DI; the time-period for intervention was selected to target the period of intensive chemotherapy previously associated with greatest risk for osteopenia or fracture [5, 6, 8] .
Study Outcomes
The study's primary outcome measure was change in serum Vitamin 25(OH)D level as measured by liquid chromatography-tandem mass spectrometry at Quest Diagnostics Nichols Institute (San Juan Capistrano, CA). Adherence to supplementation was defined as ≥75% of the study medication by DOT, self-report, and tablet counts. Secondary aims examined the effects of the intervention on structural bone changes. Osteopenia was assessed by volumetric bone density (vBMD) in three-dimensional detail using quantitative computerized tomography (QCT). The details of the imaging protocols have been described previously [9] . Briefly, cancellous vBMD was assessed at L1-L3 of the lumbar spine (vBMD LS ). Cortical vBMD and geometric properties of bone were obtained at the femur mid-shaft (vBMD Fem ). In the "natural history" cohort, cortical vBMD was instead obtained at the tibia mid-shaft (vBMD Tib ). Body composition was concurrently measured using the gold-standard whole-body dual-energy X-ray absorptiometry (DXA, fan beam densitometer in array mode [Delphi W; Hologic, Inc., Waltham, MA]). Changes in bone structure and geometry by QCT, Vitamin 1,25-dihydroxyvitamin D (Vitamin 1,25 (OH)D), and serum markers of bone metabolism were compared between randomized groups. Serial self-report using the WHO Health Behavior in School-aged Children physical activity survey (WHO HBSC) [25] recorded frequency of moderate-exertion exercise and level of sedentary behavior during therapy. Targeted toxicities of Vitamin D therapy (hypervitaminosis, hypercalcemia, nephrolithiasis, renal insufficiency, and transaminitis) were monitored.
Statistical Considerations
For the randomized cohort, repeated-measure linear regression evaluated the intervention's effect on change in Vitamin 25(OH)D over time. During the clinical trial, the Institute of Medicine (IOM) published strict, physiologically-defined thresholds for insufficiency (<20ng/ml) and deficiency (<12 ng/ml) [26] . While the ES thresholds were preserved to determine eligibility, the IOM thresholds were instead used to categorically analyze the prevalence and physiologic impact of Vitamin D status during therapy. Linear regression models analyzed the association of body fat tertiles (<30%, 31-39%, ≥40%) on Vitamin 25(OH)D level. Metrics of adherence are reported descriptively (calculated as doses delivered/doses prescribed). For the entire enrolled cohort, we explored the effect of Vitamin 25(OH)D status and body composition on vBMD and structure. To evaluate the effect of cumulative Vitamin D3 exposure on bone density, we performed an area-under-curve (AUC) type analysis of trough Vitamin 25(OH)D levels using linear regression to model the association of AUC with vertebral and cortical vBMD. Similar regression models evaluated the effect of body fat/body composition on all pre-and post-comparisons of vBMD, structure, and serum markers. For cortical bone, we examined these effects overall and separately for vBMD Fem and vBMD Tib . The effects of exercise and sedentary behavior on change in body fat and vBMD were analyzed as both predictive and moderating variables. All randomized outcomes were analyzed as intent-to-treat. All analyses were two-sided with significance set at p<0.05. Statistical computations were performed using STATA (StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP).
RESULTS
Fifty-one subjects were enrolled on the study between May 2011 and November 2014. Of these, 29 were enrolled on the open-label randomization (Supplemental Figure 1 , CONSORT diagram) and 20 followed in the "natural history" group. No significant differences were detected in the demographic, body composition, and treatment characteristics among the intervention, SOC, and "natural history" groups (Table 1) . No differences between groups were found between those in early versus late adolescence (10-14 and 15-21 years respectively) [18] . A higher prevalence of overweight or obesity (41%) was observed compared with the national adolescent average (34%) [27] . Consistent with institutional demographics, the cohort ethnicity was preponderantly Hispanic (84%).
Effect of Intervention on Vitamin D
Supplementation continued for a median of 6.7 months (range 5.5-8.7). Intermittent Vitamin D3 administered by DOT during intensive pre-maintenance chemotherapy increased trough serum Vitamin 25(OH)D levels from 19.5±4.8 at baseline to 26.5±12.4 ng/ml at study end versus no change for the SOC group (18.5±4.2 to 19.0±7.4 ng/ml) ( Figure 1A) . By study end, Vitamin 25(OH)D levels in the DOT Vitamin D3 group were, on average, +5.5±1.7 ng/ml higher than baseline as compared to −0.30 ± 2.2 ng/ml for the SOC arm (p=0.026).
The distribution of IOM-defined Vitamin D insufficiency and deficiency during therapy by treatment arm is depicted in Figure 1B . As would be expected during effective repletion, [ 
Effects of Intervention on Bone
As shown in Table 2 and Figure 2 , despite improvement in Vitamin D status, no significant difference were observed for cancellous vBMD LS , cortical vBMD Fem , or bone structure and geometry between randomized groups. Similarly, no differences between randomized groups were observed for biochemical markers of bone turnover (Table 2) . No clinically-evident fractures occurred during the study period. For the entire cohort, cancellous vBMD LS decreased between end of Induction and end of DI (mean change -44.0±6.6mg/cm 3 , p<0.001) but no significant changes were found in cortical vBMD (mean change at tibia −3.6±4.9mg/cm 3 , p=0.47 and femur +8.5±10.5mg/cm 3 , p=0.43). Similarly irrespective of randomized group, biochemical markers of bone metabolism indicated overall "recovery" following Induction with net bone formation by end of DI.
While not yet reflected in change in vBMD, the bone resorption marker C-telopeptide decreased on average −654±143pg/ml (p<0.001), while bone formation markers Bone-specific alkaline phosphatase and osteocalcin increased by 27.8±5.7mcg/L and 21.8±3.5ng/ml, respectively (both p<0.001). IOM-defined Vitamin D category was not associated with differences in vBMD LS (p=0.11); nor was cumulative Vitamin D by AUC significantly associated with cancellous or cortical vBMD (p=0.72 and 0.71 respectively, Figure 3A and 3B). Finally, while the majority of the cohort experienced significant bone loss during Induction [9] , earlier sensitivity to bone loss/ turnover during Induction did not impact the subsequent efficacy of the intervention.
Body fat was found to be a significant predictor of loss of vBMD LS . When examined in a cross-sectional regression model of all values, every additional 1% of body fat was associated with −4.5±0.8 mg/cm 3 lower vBMD LS (Supplemental Figure 2A) . A similar effect of body fat was not seen for cortical vBMD at the femur or tibia (Supplemental Figure  2B) , nor for bone geometry and structure (not shown). Lean muscle mass loss showed a near-perfect converse correlation with body fat gain. As reported on the WHO HBSC survey, increased frequency of moderate exercise and less sedentary behavior were inversely associated with body fat (p=0.009). While these behaviors were also inversely associated with loss of vBMD LS over time (p<0.001), examination of body fat, exercise, and sedentary behavior together showed body fat demonstrated the strongest association with lower vBMD LS .
Feasibility of the Adherence-Optimized Regimen
Only 3/13 subjects (23%) were adherent by report and tablet count to the initial, exclusively home-based regimen of Vitamin D+calcium supplementation, and less than 10% of prescribed doses were delivered (median 7%, range 0-110%). No difference in adherence was observed between placebo and vitamin D+calcium formulations. In contrast, the DOT Vitamin D3 intervention demonstrated excellent adherence. For the 18 subjects on the intervention arm who survived until the end of DI, 100% of the intended liquid Vitamin D doses were successfully administered to 100% of the subjects. As opposed to calcium in pill form, tablet counts revealed excellent adherence to the flavored, chewable home calcium supplementation, with the majority of the cohort (83%, n=15/18) receiving calcium supplementation throughout the study period and most (61%, n=11/18) adhering to ≥75% of their prescribed doses (median 93%, range 43-123%). Three subjects (3/18) opted to continue with oral Vitamin D3 supplementation but to discontinue the home calcium due to dislike of the calcium formulation (discontinued at +23, +36, and +45 days). Tablet counts were consistent with self-report. There were no targeted toxicities or adverse events on the study attributable to Vitamin D or calcium supplementation.
DISCUSSION
We report here the results of the first randomized trial, to our knowledge, targeting Vitamin D deficiency to mitigate the development of early-onset bone resorption in a population of adolescents treated for newly-diagnosed ALL. We discovered a high prevalence of Vitamin D insufficiency and deficiency in this population beginning at diagnosis and persisting throughout the subsequent months of chemotherapy. By using principles of DOT, we achieved 100% adherence to Vitamin D supplementation and found that intermittent highdose Vitamin D3 administered in a clinic setting concurrently with chemotherapy was feasible, safe, and effective in increasing Vitamin D stores as evidenced by serum Vitamin 25(OH)D. This approach is therefore practical for convenient supplementation of Vitamin D for adolescents receiving treatment for ALL typically necessitating frequent outpatient visits. However, while we previously showed osteopenia to develop during Induction [9] , we found here that neither Vitamin D and calcium supplementation nor normalized Vitamin 25(OH)D level prevented further deterioration of bone density or structure, indicating that a multimodal intervention beyond supplementation alone is required to alter the course of this toxicity. Nonetheless, for adolescent patients requiring Vitamin D supplementation, the directly observed regimen described here offers clear benefit in its simplicity and efficacy. While supplementation alone was not beneficial to mitigate osteopenia, this regimen remains relevant for the widespread Vitamin D insufficiency we found during ALL therapy wherein repletion is strongly recommended [26, 28] . As seen on this and other bone health clinical trials [12] , targeting non-adherence is a threshold issue for any adolescent-focused osteopenia intervention. The success of the current study lies not only in fulfilling the primary aim of increasing Vitamin D stores, but in developing a Vitamin D supplementation regimen specifically designed to optimize adherence in a difficult population.
Vitamin D is recognized as a crucial vitamin for bone formation [26] , and the high prevalence of Vitamin D insufficiency and deficiency in our study population is striking. While reversal of osteopenia typically requires years of treatment, the objective of our study was to slow or lessen therapy-related changes to bone. Contrary to general recommendations for treatment of Vitamin D insufficiency to prevent bone loss [21, 26] , in the context of intensive chemotherapy, we discovered Vitamin D insufficiency and deficiency did not exacerbate bone resorption nor did repletion alleviate changes to bone. The lack of association between serum Vitamin 25(OH)D levels and chemotherapy-related bone loss suggests our findings do not represent a dose-dependent failure of the intervention. The decrease in Vitamin 1,25(OH)D levels further supports that the intervention achieved physiological Vitamin D repletion in the sample [28] . As repletion of Vitamin D and calcium did not successfully mitigate therapy-associated osteopenia, sufficiency of these important substrates and regulators of bone metabolism is essential but unfortunately not sufficient to overcome the multifactorial etiology of bone loss during treatment. We would theorize that potential benefit from supplementation was offset from the direct impact of chemotherapy on osteoblast and osteoclast activity [10] compounded by decreased stimulus for bone formation from reduced weight-bearing activity seen on this study and others [11, 12] . Moreover, Vitamin D bioavailability may have been reduced by the large increases in adiposity during ALL therapy [19, 29] causing "resistance" to supplementation [30, 31] and further mitigating its benefit. While even higher doses of Vitamin D3 may be safe [32] to overcome sequestration in adipose tissue, new approaches beyond supplementation alone are likely necessary to impact this common toxicity.
Our novel description of obesity and vBMD may offer one such exploratory path forward. In our study population, we found a strong association between greater adiposity and lower cancellous vBMD during ALL therapy. Although historically, activity level and weightassociated mechanical stress are correlated with gains in bone density in the general population [33, 34] , body fat and not sedentary behavior was surprisingly more strongly associated with lower bone density in our cohort. While both likely play a role in osteopenia, recent findings of adiposity and visceral fat adversely affecting bone density [35, 36, 37] support a potential independent impact of body fat. This is particularly relevant due to ALL therapy's propensity to stimulate visceral fat gain [38] and increase obesity and overall adiposity [19, 29] . As seen here, cancellous bone may be more susceptible to the influence of adiposity, although a cumulative effect of adiposity on slow-changing cortical bone over years of therapy was not explored in this study. Behavioral approaches focused on reducing the impact of obesity may be optimal for some patients, but comorbidities and/or the complexity of such an approach may instead warrant pharmaceutical interventions for many others. Bisphosphonates have proven benefit to improve bone mineral density and prevent fracture risk across multiple populations [39] . Early small trials of bisphosphonates during ALL therapy suggest oral formulations may improve bone density and be better tolerated [40, 41] than intravenous administration [42] , but large-scale studies in ALL have not been performed to date. Emerging new agents such as RANKL inhibitors offer additional promise to directly reduce osteoclast activity with less potential risk for adverse chemotherapy interactions [43] , but will similarly require extensive testing to guide adoption into a chemotherapy platform. Prior to implementing such trials, renewed scrutiny is essential to develop predictive pediatric ALL models to delineate those at high risk for fractures to optimize a risk-stratified approach to such behavioral and/or pharmaceutical interventions.
The trial achieved its primary aim to address Vitamin D insufficiency but has some limitations. The study was conducted as a prospective, randomized trial, but we acknowledge the small sample size requires replication among a larger, multi-institution cohort. Similarly, the change in study design preserved power for the primary, randomized aim but limited our ability to detect differences in secondary outcomes. We are confident that trends observed here are consistent with those likely to be seen in a larger cohort, but cannot exclude the possibility that subtle benefits were not detectable. Moreover, we also acknowledge the difference in goals for use of Vitamin D supplementation. We would emphasize our secondary objective for the relatively short study time-frame was to alleviate or slow the development of osteopenia, not to reverse it. While mitigating exacerbation of osteopenia was a reasonable expectation in the context of prevalent Vitamin D deficiency, reversal requires prolonged treatment beyond the duration of the study intervention. However, as the regimen was effective in replenishing Vitamin D, continuation of the intervention into the Maintenance phase, a traditionally challenging period for adherence [44] , might offer additional benefit not seen here. Dietary assessment was beyond the study's purview as we instead investigated the direct measure of objective serum levels to gauge the influence of Vitamin D status on osteopenia; we therefore cannot comment on subtle differences in typical dietary intake during therapy. Exploration of a potential effect of ethnicity or race on adherence and study outcomes was also limited by our preponderantly Hispanic cohort.
We report here a new, well-tolerated, adherence-promoting, and effective regimen for integrating Vitamin D supplementation into ALL chemotherapy. While Vitamin D in addition to routine activity did not limit the development of osteopenia on our study, this regimen provides an approach upon which to build a comprehensive strategy to prevent or reverse this common adverse health outcome.
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